The Programmed Death-1 (PD-1) immune checkpoint pathway may be usurped by tumors, including diffuse large B-cell lymphoma (DLBCL), to evade immune surveillance. The reconstituting immune landscape after autologous hematopoietic stem-cell transplantation (AHSCT) may be particularly favorable for breaking immune tolerance through PD-1 blockade.
INTRODUCTION
PD-1 (Programmed Death-1) is a member of the B7 receptor family. Together with its ligands (PD-L1 and PD-L2), it functions as an important checkpoint in the regulation of immune responses. 1 Those ligands are upregulated by the inflammatory environment and inhibit the function of PD-1-bearing lymphocytes. Thus the PD-1 immune checkpoint pathway serves to dampen peripheral lymphocyte activity in the context of inflammatory responses. This pathway seems to be co-opted by many tumors, preventing effective antitumor immunity, and therefore represents a promising therapeutic target, as demonstrated in several solid tumor subtypes. [2] [3] [4] [5] Pidilizumab (CureTech, Yavne, Israel) is an anti-PD-1 humanized immunoglobulin G1 monoclonal antibody with preclinical antitumor activity in animal models. [6] [7] [8] In a phase I trial in patients with advanced hematologic malignancies, pidilizumab showed a favorable safety profile and early evidence of clinical activity. 9 We conducted an international phase II study of pidilizumab in patients with diffuse large B-cell lymphoma (DLBCL) and primary mediastinal large B-cell lymphoma (PMBCL) after autologous hematopoietic stem-cell transplantation (AHSCT). PD-L1 is expressed on suppressor immune cells in the tumor microenvironment and in at least a subset of DLBCL and PMBCL tumors, [10] [11] [12] [13] where it may alter the composition and function of tumor-infiltrating lymphocytes, 14 and therefore represents a valid therapeutic target.
11,12
Moreover, the post-AHSCT setting may be a particularly fertile context for PD-1 blockade. This is a state of low-volume residual disease, during which there is a remodeling of the immune system. Indeed, the majority of the circulating leukocytes in the first few months after AHSCT are natural killer cells, CD45ROϩ memory/effector cells, and monocytes, which comprise pidilizumab's target populations and whose presence in DLBCL tumors has been associated with a favorable prognosis. [15] [16] [17] Therefore, PD-1 blockade early after AHSCT for patients with DLBCL may prevent a tumor-dependent, PD-1 driven exhaustion of antitumor lymphocytes, leading to eradication of residual disease and improvement in progression-free survival (PFS).
PATIENTS AND METHODS

Patients
Patients 18 years and older could be consented for this study if they planned or had undergone AHSCT for DLBCL, PMBCL, or transformed indolent B-cell non-Hodgkin lymphoma. Only patients with chemotherapysensitive disease (at least partial remission 18 after salvage therapy by computed tomography [CT] scans) were eligible. Confirmatory screening was performed between 30 and 90 days after AHSCT. To enroll onto the study and receive treatment, patients had to have CT scans before first drug administration showing no evidence of progressive disease (PD) from pretransplant assessment, as well as normal hematologic, renal, hepatic, and cardiac function. Patients with type 1 diabetes, immune deficiency, active autoimmune disease, 
‫ء‬
One patient developed fatal disseminated zoster infection during the follow-up period. †One patient with pre-existing leukopenia and thrombocytopenia developed myelodysplasia 13 months after the last dose of pidilizumab. This was considered unrelated to study drug.
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Patients were recruited at 30 centers in the United States, Israel, Chile, and India. All patients provided written informed consent. The study was approved by the offices for human research studies at the participating institution and conducted in accordance with the principles of the Declaration of Helsinki. The study was supported by CureTech, and the data were analyzed by three of the authors (P.A., E.A.W., and L.I.G.) and by CureTech.
Treatment and Monitoring
Patients received treatment with pidilizumab administered intravenously at a dose of 1.5 mg/kg every 42 days for three cycles, beginning 30 to 90 days from AHSCT. Premedication consisted of acetaminophen or ibuprofen, as well as diphenhydramine or promethazine. Patients were restaged with CT scans (with or without positron emission tomography [PET] scans, at the discretion of the treating clinicians) at confirmatory screening, then before the second and third cycles, and at 30, 44, and 69 weeks from the first day of treatment. Treatment was stopped if there was evidence of PD based on standard criteria. 18 Patients were observed until 16 months from first pidilizumab treatment, which corresponded to approximately 18 months from AHSCT. For patients with measurable disease at post-AHSCT screening, response to pidilizumab treatment was assessed 18 according to the restaging schedule described previously, using the post-AHSCT measurements as the pretreatment baseline. Toxicity was graded using National Cancer Institute Common Terminology Criteria of Adverse Events v3.0.
Correlative Studies
Blood samples collected from all treatment sites from patients treated at least once with pidilizumab were analyzed by flow cytometry at two central laboratories of Esoterix LabCorp Services (Austin, TX) using study-specific validated methodologies. Forty-one prospectively specified leukocyte subsets based on cluster of differentiation marker expression were evaluated for absolute (per microliter) and relative numbers, as well as molecules of equivalent soluble fluorochrome (MESF). Validation studies for marker stability and inter-and intra-assay precision were conducted before initiating the tests in this study.
Statistical Considerations
The primary end point of this study was the 16-month progression-free proportion from the time of first pidilizumab administration among all eligible patients who received at least one dose of pidilizumab. Secondary end points included safety and toxicity, PFS, and overall survival (OS); immunogenicity of pidilizumab; and immune subset analyses. OS was defined as the time from first treatment to death, and PFS as the time to death, relapse, or progression. OS and PFS were calculated using the Kaplan-Meier method. On the basis of data available at the time of study design, the 18-month PFS after transplantation for chemosensitive patients was estimated to be approximately 60% to 65%. 19,20 This time corresponds to approximately 16 months from the planned start of pidilizumab on this trial. Because the number of patients enrolled was anticipated to range from 64 to 80 patients, an observed 16-month PFS from start of pidilizumab of at least 69% was considered to warrant further study. This design had at least 87% probability of concluding the treatment promising if the true 16-month PFS was 75% and less than 10% probability if the true 16-month PFS was 60% (given the exact binomial distribution applied to all possible sample sizes between 64 and 80 patients).
Patients were eligible if they met all eligibility criteria and received at least one dose of pidilizumab.
For exploratory measurements of changes in immune subsets, we compared absolute numbers of prespecified circulating lymphocytes of a given immunophenotype before the first treatment and at 24 hours, 6, 12, and 16 weeks afterwards. We also measured MESF to assess for change in surface expression of selected markers. Pre-and post-treatment values were compared using paired Wilcoxon signed rank testing for individual time points, adjusted for multiple comparisons, as well as repeated measures analysis using a log 10 transformation (with SAS proc mixed). All P values are two-tailed, using a threshold for statistical significance of .05 except as noted. The data were analyzed using SAS version 9.2 (SAS Institute, Cary, NC).
RESULTS
Patients
Patients could sign consent before or after AHSCT, but were required to pass confirmatory screening to be enrolled onto the study and treated. Among the 97 patients who gave consent, 25 were screen failures at confirmatory screening (including six with PD, five on concurrent disallowed treatment, four who withdrew consent, two with CNS disease, and two with infection). Therefore, 72 patients received at least one dose of pidilizumab (treated subset) at a median of 2.6 months after AHSCT (range, 1.1 to 4.1 months). Sixty patients (83%) completed all three cycles. Ten patients withdrew from the study before the 16-month follow-up visit for reasons other than death or progression: loss to follow-up (n ϭ 2), investigator decision (n ϭ 3), withdrawal of consent (n ϭ 3), protocol violation (n ϭ 1), and adverse event (AE; n ϭ 1). On final review, six patients were determined ineligible (four because of refractoriness to salvage therapy, one for PD on the first day of treatment, and the other for disallowed concomitant treatments). The baseline characteristics of the 66 eligible patients are shown in Table 1 . At the time of post-AHSCT restaging, 47% of patients were in complete remission (CR) by CT. Fifty-five patients had a PET scan after salvage; 31 (47%) were in PET-CR. Fifty-four patients had a post-AHSCT PET scan; 45 (68%) were in PET-CR at that time.
Safety and Toxicity
Among all 72 treated patients, a total of 613 AEs occurred in 69 (96%) of patients (Table 2) , among which 135 were considered related to treatment. The most frequently reported grade 3 to 4 AEs were neutropenia (19% of patients) and thrombocytopenia (8%). All patients with grade 4 neutropenia responded to growth factor treatment and remained asymptomatic. One patient died of disseminated herpes zoster 10 months after the third dose of pidilizumab, which was considered unrelated to study treatment. Twenty-three patients (32%) experienced at least one serious AE, and three patients (4%) experienced a related serious AE. There was no evidence of significant autoimmune toxicity, no infusion reactions, and no treatmentrelated mortality.
Clinical Outcome
Among the 66 eligible patients, 18 experienced disease progression or died before the 16-month time point. The 16-month PFS from first treatment (the primary end point) was 0.72 (90% CI, 0.60 to 0.82; Fig 1A) . The study therefore met its primary end point. Nine patients died during the study period between 2.3 and 15.3 months; the cause of death was lymphoma in eight patients and disseminated herpes zoster in one patient. The 16-month OS for eligible patients was 0.85 (90% CI, 0.74 to 0.92; Fig 1A) . Among the 24 patients who remained PET-positive at the conclusion of salvage therapy, 16-month PFS was 0.70 (90% CI, 0.51 to 0.82; Fig 1B) . Among the 31 PET-negative patients, 16-month PFS was 0.72 (90% CI, 0.56 to 0.84); among the 11 patients who did not have a postsalvage PET scan, 16-month PFS was 0.72 (90% CI, 0.42 to 0.88). No significant difference was detected in the PFS or OS between patients when stratified by disease status assessed by CT scans after AHSCT, age, time to first relapse, time from diagnosis to AHSCT, or salvage regimen; however, there was limited power for those comparisons. We also performed an intent-to-treat analysis for the 72 treated patients. The PFS at 16 months from first pidilizumab treatment in this cohort was 0.68 (90% CI, 0.59 to 0.77), and OS was 0.84 (90% CI, 0.77 to 0.91).
Among the 35 eligible patients with measurable disease at screening post-AHSCT and before the first dose of pidilizumab, 12 (34%) achieved a CR by CT criteria after pidilizumab treatment, and six (17%) achieved a partial remission (PR), for an overall response rate of 51%. In addition, 13 patients (37%) had stable disease, whereas four (11%) had PD. The median time to documented response was 30 weeks (range, 6 to 69 weeks). Among the nine patients who had residual disease after AHSCT and a positive PET scan, the overall response rate was 33%, and an additional 44% had stable disease. Figure 2 and Table 3 detail changes in selected lymphocyte subsets and marker expression among eligible patients. Treatment with pidilizumab resulted in a significant increase in the absolute number of PD-L1-bearing activated helper T cells (CD4 ϩ CD25 ϩ PD-L1ϩ), apparent 24 hours after first treatment and sustained until at least 16 weeks (Fig 2A) . There also seemed to be some changes in PD-1 ligandbearing monocytes (CD14 ϩ PD-L1ϩ and CD14 ϩ PD-L2ϩ cells). For the latter subsets, the mean percentage increase was larger than the 
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www.jco.org median increase at all time points (Table 3 ), suggesting that pidilizumab induced large increases in those cells that were early and sustained, but restricted to a subset of patients. MESF analysis excluded the possibility that these changes could be solely explained by upregulation of surface markers. There were also significant increases in the absolute number of circulating CD8 ϩ peripheral (CD62L-CD127 ϩ ) and central (CD62L ϩ CD127 ϩ ) memory T cells, as well as in CD4 ϩ central memory T cells (Fig 2B) . Finally, we found an increase in the cell surface expression of the interleukin 7␣ receptor (CD127) on peripheral and central memory CD4 ϩ and CD8 ϩ T cells (Fig 2C) .
DISCUSSION
Monoclonal antibody therapy as a means of targeting immune checkpoints has emerged as a viable and effective antitumor strategy. [3] [4] [5] 9, 21, 22 Hematologic malignancies may be particularly attractive targets for this type of treatment, as patients with even advanced myeloid or lymphoid tumors can be cured by adoptive immunotherapy delivered in the context of allogeneic HSCT. This raises the possibility that patients' own immune systems can be harnessed to eradicate those diseases, if the mechanisms that lead to immune tolerance of the tumor can be safely disabled. In the present trial, we show that the anti-PD-1 monoclonal antibody pidilizumab can be safely given to patients with DLBCL after AHSCT. The lack of significant autoimmune toxicity in our trial stands in contrast to the clinical experience so far with cytotoxic T-lymphocyte antigen-4 blockade. 23 Treatment was associated with an apparent CR rate of 34% and overall response rate of 51% among patients with measurable disease after transplant. This suggests direct antitumor activity, although given this study's design, we cannot rule out the possibility that the residual radiologic abnormalities in some cases reflected treated disease or inflammation rather than the presence of viable lymphoma. Moreover, with a 16-month PFS of 0.72, the study met its prespecified primary end point. These results may compare favorably with those of two recent multicenter randomized clinical trials in this population, although our exclusion of patients who experienced relapse early after AHSCT precludes a direct comparison. 24, 25 In the rituximab era, as the prognosis of patients with relapsed or refractory disease is worse, 24 new therapies are needed to increase the efficacy of salvage and to increase the success rate of AHSCT in patients without a PET-CR at transplantation [26] [27] [28] who have a poorer outcome. We recently reported the outcomes of 105 patients with DLBCL who underwent transplantation in the last decade at our own institutions. 29 Among this cohort, we examined (on an institutional review boardapproved study) the outcome of the 46 patients who were chemosensitive but PET positive after salvage and who would have otherwise met the eligibility criteria for the present study, including no progression or relapse within 2 months of AHSCT. In this group, the 18-month post-AHSCT PFS was 0.52 (90% CI, 0.39 to 0.63). In the present study, the PFS was 0.72 among PET-positive patients treated with pidilizumab. This compares favorably with our historical experience and with other published cohorts. [26] [27] [28] [30] [31] [32] Although not all patients on the present study had a postsalvage PET (which was not mandated per protocol), the absence of an apparent difference in outcome between those who did and those who did not argues against a strong selection bias, again with the caveat of the small numbers involved. We emphasize that the study was not powered for a comparison among PET subgroups or with historical controls. Nonetheless, our findings support the hypothesis that PD-1 blockade may be a viable therapeutic strategy in the high-risk subset of patients with residual disease and may overcome the negative prognostic value of a pretransplant positive PET scan. This hypothesis should now be tested in a randomized clinical trial. The increase in the number of some PD-1 ligand-bearing lymphocyte subsets within 24 hours of drug infusion is consistent with an on-target effect of pidilizumab. Indeed, the interaction of PD-1 with either of its cognate ligands seems to induce cell death and signal suppression in lymphocytes and monocytes. 33 The increase in circulating levels of cells expressing PD-1 ligands may therefore reflect the reversal of PD-1's inhibition of cell survival or proliferation, although the rapidity of some of the changes occurring after treatment suggests that blockade of apoptosis is not the main or only mechanism at play and that mobilization of those cells from their reservoirs may be important. Also, our results suggest significant variability in the changes among different patients, implying additional complexity in the immune effects of PD-1 blockade in the setting of a reconstituting immune system. We also found an increase in effector and peripheral memory cell subsets, consistent with in vitro data that pidilizumab enhances the survival of human CD4 ϩ
CD45RO
ϩ cells (CureTech, unpublished data) within 72 hours of treatment. The increase in the cell surface expression of the interleukin 7␣ receptor CD127, pivotal for the maturation and survival of memory T cells, suggests that pidilizumab induces molecular events associated with the fate of specific memory T-cell subsets. These analyses are only exploratory, reported for hypothesis-generating purposes, and should be prospectively validated.
Because the expression of PD-L1 on DLBCL cells may be restricted to a subset of tumors, 10 it may be that future selection of patients for PD-1 blockade on the basis of ligand expression in the tumor or microenvironment could lead to a greater clinical benefit in the appropriate patient subgroups; this could not be ascertained on this study because we did not have access to tumor material for most patients. Furthermore, the ability to evaluate for on-target effects that predict outcome could provide a method to adapt post-AHSCT therapy in those patients. Although the answers to those questions must await future prospective trials, the present study represents the first efficacy trial of immune checkpoint blockade in hematologic malignancies. Our rapidly expanding scientific knowledge in this area, coupled with the availability of a growing number of monoclonal antibodies targeting those pathways, will doubtlessly lead into broader investigations of this strategy in other settings. 
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